Obesity is associated with insulin resistance and a state of abnormal inflammatory response. The Toll-like receptor (TLR)4 has an important role in inflammation and immunity, and its expression has been reported in most tissues of the body, including the insulin-sensitive ones. Because it is activated by lipopolysaccharide and saturated fatty acids, which are inducers of insulin resistance, TLR4 may be a candidate for participation in the cross-talk between inflammatory and metabolic signals. Here, we show that C3H/HeJ mice, which have a loss-of-function mutation in TLR4, are protected against the development of diet-induced obesity. In addition, these mice demonstrate decreased adiposity, increased oxygen consumption, a decreased respiratory exchange ratio, improved insulin sensitivity, and enhanced insulin-signaling capacity in adipose tissue, muscle, and liver compared with control mice during high-fat feeding. Moreover, in these tissues, control mice fed a high-fat diet show an increase in IB kinase complex and c-Jun NH 2 -terminal kinase activity, which is prevented in C3H/HeJ mice. In isolated muscles from C3H/ HeJ mice, protection from saturated fatty acid-induced insulin resistance is observed. Thus, TLR4 appears to be an important mediator of obesity and insulin resistance and a potential target for the therapy of these highly prevalent medical conditions. Diabetes
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nsulin resistance in obesity and type 2 diabetes is associated with an abnormal inflammatory state. In addition, during the last decade, we have seen great progress in this field attributable to the identification of several downstream mediators and signaling pathways that provide cross-talk between inflammatory and metabolic signaling (1) (2) (3) (4) (5) (6) (7) (8) (9) .
Toll-like receptors (TLRs) play a critical role in the activation of innate immune responses in mammals by recognizing conserved pathogen-associated molecular patterns (10 -12) . To date, 13 members of the TLR family have been identified in mammals. TLR4 is a subclass of TLRs that can be activated by lipopolysaccharide (LPS) and by nonbacterial agonists, such as saturated fatty acids (13, 14) . The activation of TLR4 signaling induces upregulation of intracellular inflammatory pathways related to the induction of insulin resistance, such as c-Jun NH 2 -terminal kinase (JNK) and IB kinase complex (IKK␤)/ inhibitor of nuclear factor-B (IB␣)/nuclear factor-B (NF-B) (10) . However, the role of TLR4 in the cross-talk between inflammatory and metabolic signaling has not yet been investigated. Here, we show that mice with a loss-offunction mutation in TLR4 (C3H/HeJ) are protected against the development of diet-induced obesity and insulin resistance and that, in isolated muscles from C3H/HeJ mice, there is a protection from saturated fatty acidinduced insulin resistance.
Germany) with oleic acid as a standard. Glucose values were measured from whole venous blood with a glucose monitor (Glucometer; Bayer). We determined serum concentrations of interleukin (IL)-6 and tumor necrosis factor (TNF)-␣ using Mouse IL-6 ELISA and Mouse TNF-␣ ELISA (Pierce Endogen, Rockford, IL). Light microscopy. Mice were fasted for 12 h and killed with an overdose of anesthetic (sodium thiopental). Epididymal white adipose tissue (WAT) depots were dissected and assessed by light microscopy, morphometry, and transmission electron microscopy. After dissection, WAT depots were fixed by immersion in 4% formaldehyde in 0.1 mmol/l phosphate buffer, pH 7.4, for Ͻ24 h, dehydrated, cleared, and then embedded in paraffin. Serial sections (5-m thick) were obtained and then stained by hematoxylin and eosin to assess morphology. Morphometry. Tissue sections were observed with a Zeiss Axiophot light microscope using a ϫ40 objective, and digital images were captured with a Canon PowerShot G5. Crown-like structure (CLS) density (average CLS within 10 high-power fields, per animal) and mean adipocyte surface area (average surface area of 30 randomly sorted adipocytes, per animal) were determined using Imagelab Analysis software (version 2.4), as described previously (16) . Electron microscopy. Ultrastructural examination followed standard procedures, as described elsewhere (17) , with a Zeiss EM10 transmission electron microscope (Carl Zeiss, Oberkochen, Germany). Measurement of hepatic triglyceride content. Liver was homogenized and tissue triglyceride content was determined as described previously (18) . Isolation of the stroma vascular fraction and adipocyte fraction of adipose tissue. Epididymal fat pads were excised and isolation of the stroma vascular fraction and adipocyte fraction of adipose tissue was performed as described previously (19) . Real-time PCR. Total RNA was obtained from the adipocyte and stromal vascular fractions of WAT of the four groups of mice, according to methods published previously (8, 20) . Quantitative PCR was run to determine the expressions of TNF-␣ and IL-6 in each tissue fraction using primers supplied with the commercially available assays from Applied Biosystems (Mm00443258_m1 and Mm00446190_m1, respectively). The reference gene was GAPD (TaqMan, Applied Biosystems). Results are expressed as relative expression values, according to a method published previously (8) . Glucose uptake, glycogen synthesis, insulin signaling, and TLR-related signal transduction pathways in isolated soleus muscle. Soleus muscles from C3H/HeJ, C57BL/10ScNCr (TLR4 Ϫ/Ϫ ), and their respective control mice were isolated and incubated in the presence of palmitate for 4 h, as described previously (21) . In some experiments, soleus muscles from C3H/HeJ mice and their controls were incubated in the presence of stearic and lauric acids for 4 h. In the basal state and 30 min after insulin treatment, glucose uptake and glycogen synthesis were measured. To investigate insulin signaling in these experiments, soleus muscles from C3H/HeJ and C57BL/10ScNCr (TLR4 Ϫ/Ϫ ) mice and their respective controls were incubated with insulin (10 mU/ml) for a further 5 min.
In some experiments, isolated soleus muscles from C3H/HeJ and C3H/HeN mice were incubated with LPS or palmitate for 1 h or preincubated in the absence (control group) or presence of 10 g/ml of an antagonist monoclonal antibody to TLR4 (MTS510) (22) and then in the absence or presence of LPS for 1 h or palmitate for 4 h. At the end of the incubation period, muscles were homogenized and then centrifuged, as described previously (21) . The supernatants were used for immunoprecipitation and immunoblotting. Oxygen consumption and respiratory exchange ratio determination. Oxygen consumption and respiratory exchange ratio (RER) were measured in fed animals through an indirect open circuit calorimeter (Oxymax Deluxe System; Columbus Instruments, Columbus, OH), as described previously (23) . Tissue extraction, immunoprecipitation, and immunoblotting. Mice were anesthetized by intraperitoneal injection of sodium thiopental and used 10 -15 min later, i.e., as soon as anesthesia was assured by the loss of pedal and corneal reflexes. Five minutes after the insulin injection (3.8 units/kg i.p.) muscle, adipose tissue, and liver were removed, minced coarsely, and homogenized immediately in extraction buffer, as described elsewhere (24) . Extracts were then centrifuged at 15,000 rpm and 4°C for 40 min to remove insoluble material, and the supernatants were used for immunoprecipitation with ␣-insulin receptor (IR), IRS-1, and protein A-Sepharose 6MB (Pharmacia, Uppsala, Sweden). We performed immunoblotting on tissue extracts, as described previously (24) . Determination of NF-B activation. NF-B p50 activation was determined in nuclear extracts from muscle and adipose tissue by ELISA (89858; Pierce Biotechnology), according to the recommendations of the manufacturer. Statistical analysis. Data are expressed as means Ϯ SE, and the number of independent experiments is indicated. For statistical analysis, the groups were compared using a two-way ANOVA with the Bonferroni test for post hoc comparisons. The level of significance adopted was P Ͻ 0.05.
RESULTS
Body weight, food intake, epididymal fat pad, and leptin levels of C3H/HeJ and control mice. Six-weekold male mice with a loss-of-function (Pro 712 His) mutation in TLR4 (C3H/HeJ) and a strain-specific control (C3H/ HeN) were fed a HFD, and control groups of each genotype were fed a standard mouse chow diet. Body weight after 8 weeks of the HFD was lower for the C3H/HeJ mice than for the control mice (Fig. 1A) . After 8 months of the HFD diet, this difference was more evident. Eight-monthold C3H/HeJ mice fed a HFD weighed on average 15% less than HFD-fed control mice (Fig. 1B) . Daily food intake was similar in control and C3H/HeJ mice, fed either a HFD or standard chow (Fig. 1C) ; however, 8-week cumulative food intake was higher for the HFD in both genotypes (data not shown). The epididymal fat pad weights of control and C3H/HeJ mice fed a chow diet were similar; however, when groups fed a HFD were compared, the average weight of epididymal fat depots was decreased by 40% in the C3H/HeJ mice (Fig. 1D ). In addition, consumption of a HFD led to a 36% lower increase in blood leptin levels in C3H/HeJ than in control mice (Fig. 1E) . Adipose tissue morphology and ultrastructural features of adipose tissue of C3H/HeJ and control mice fed a HFD. We assessed whether these differences in HFD-induced weight gain were related to alterations in adiposity. Morphometric analysis (Fig. 1F-I ) revealed that adipocytes from C3H/HeJ mice fed a HFD were consistently smaller than adipocytes from control mice fed a HFD with an average 30% decrease in size (Fig. 1J ). In addition, the frequency and distribution of mature macrophages in fixed WAT differed among the groups. As described previously (25) , macrophages were aggregated in CLSs, which contained up to 15 macrophages surrounding what appeared to be individual adipocytes. CLS formation was a rare event in control mice (1.0 Ϯ 0.5) (Fig. 1F ) or in C3H/HeJ mice (1.0 Ϯ 0.5) (Fig. 1H ) but was increased Ͼ100-fold (105.5 Ϯ 7.8) in control mice fed a HFD ( Fig.  1G ) and only ϳ10-fold (11.5 Ϯ 2.1) in C3H/HeJ mice fed a HFD (Fig. 1I) , indicating a much lower macrophage infiltration in WAT of the latter group. Ultrastructural analysis showed that CLSs were always composed of a dead adipocyte encircled by several typical macrophages. In control mice or C3H/HeJ mice fed a HFD, adipocyte death exhibited none of the classical features of apoptosis. Instead, in both groups, features consistent with necrosis (such as disruption of basal membranes, intracytoplasmic organelle degeneration, and cell debris) were commonly found, but necrosis was more evident in control mice fed a HFD (data not shown). Increased metabolic rates in C3H/HeJ mice fed a HFD. We examined whether the decreased body weight in C3H/HeJ mice fed a HFD resulted from increased energy expenditure. The oxygen consumption rates of control and C3H/HeJ mice fed normal chow were similar ( Fig. 2A) . However, after 8 weeks of a HFD, C3H/HeJ mice exhibited significantly higher rates of O 2 consumption than control mice ( Fig. 2A) . The RERs of control and C3H/HeJ mice fed a chow diet were similar (Fig. 2B ). In contrast, the RER was lower in C3H/HeJ mice fed a HFD than in control mice (Fig. 2B ), indicating that these animals were largely using fatty acids as an energy source.
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Serum FFA, TNF-␣, IL-6, adiponectin, and hepatic triglyceride content in C3H/HeJ mice and control mice fed a HFD. We examined serum concentrations of adiponectin, IL-6, TNF-␣, and FFAs, which have postulated roles in obesity and insulin action (26 -34) . Adiponectin levels were comparable between control and C3H/HeJ mice fed a chow diet (Fig. 2C ). In contrast, adiponectin levels were reduced in control mice fed a HFD, but not in C3H/HeJ mice fed the same diet (control ϩ HFD 7.1 Ϯ 0.4 vs. C3H/HeJ ϩ HFD 9.5 Ϯ 0.6 g/ml, P Ͻ 0.001) (Fig. 2C) . 
An analysis of FFAs showed no difference between control and C3H/HeJ mice fed the chow diet (Fig. 2D) . In contrast, the increase in FFA levels observed in mice fed a HFD was less pronounced in C3H/HeJ mice than in control mice (Fig. 2D) . Serum TNF-␣ and IL-6 levels were only detectable in mice fed a HFD, and these levels were higher in the (Fig. 2E) . A significant increase of IL-6 expression was detected in the adipocyte but not stromal vascular fraction of control mice fed a HFD. This effect was absent in C3H/HeJ mice fed a HFD (Fig. 2F) . We next measured hepatic triglyceride content and found similar values between control and C3H/HeJ mice fed a chow diet. However, with the HFD, hepatic triglyceride increased more in the control than in the C3H/HeJ livers (35 Ϯ 7.5 vs. 22 Ϯ 6.2 mg/g, P Ͻ 0.05). Improved glucose tolerance and insulin tolerance in C3H/HeJ mice. To investigate insulin and glucose tolerance, we performed an insulin tolerance test and an intraperitoneal glucose tolerance test (IGTT) and determined serum insulin levels at some time points during the IGTT. The glucose disappearance rate in response to insulin was lower in control than in C3H/HeJ mice fed a HFD (Fig. 2G ). This rate was indistinguishable between control and C3H/HeJ mice fed a chow diet (Fig. 2G) . During the IGTT, after glucose infusion, the blood glucose levels of HFD-fed control mice were greater at all time points. In contrast, C3H/HeJ mice fed a HFD were protected against the development of glucose intolerance (Fig. 2H) , as previously described (35) . In addition, serum insulin levels at all time points during the IGTT in C3H/HeJ mice fed a HFD were significantly lower than those in control mice fed the same diet (Fig. 2I) . Insulin signaling in muscle and WAT of C3H/HeJ and control mice fed a HFD. In muscle, insulin-induced IR␤, IRS-1 tyrosine phosphorylation, and Akt phosphorylation were reduced by 50 -70% in control mice fed a HFD compared with C3H/Hej mice fed the same diet ( Fig.  3A-C) , and these reductions were accompanied by a 50% reduction in IRS-1 protein content in the skeletal muscle (Fig. 3B) . In WAT, insulin-mediated IR␤, IRS-1 tyrosine phosphorylation, and Akt phosphorylation were reduced by 50 -70% in control mice fed a HFD (Fig. 3D-F) , and there was a 70% reduction in IRS-1 protein concentration (Fig. 3E) . In contrast, high-fat feeding did not impair the stimulatory effect of insulin on IR␤, IRS-1, and Akt phosphorylation in WAT of C3H/Hej mice fed on a HFD (Fig.  3D-F) . Ser 307 Phosphorylation of IRS-1 and activation of JNK and IKK␤ in muscle and WAT of high-fat-fed C3H/HeJ and control mice. We tested Ser 307 phosphorylation of IRS-1 in muscle and WAT of control and C3H/HeJ mice. Ser 307 phosphorylation was induced by a HFD in both tissues of control mice but not in tissues of C3H/HeJ mice (Fig. 4A) . IKK␤ activity was monitored using IB␣ protein abundance as described previously (36) . IB␣ protein levels were reduced in muscle and adipose tissue of control but not C3H/HeJ mice fed a HFD (Fig. 4B) . We also measured NF-B nuclear subunit p50 activation and found an increase in the DNA binding of nuclear p50 in muscle and adipocytes of control mice fed a HFD but not in the other groups (Fig. 4C) . JNK activation was determined by monitoring phosphorylation of JNK (Thr  183 and Tyr  185 ) and c-Jun (Ser 63 ), which is a substrate of JNK. In a similar fashion, JNK phosphorylation was increased in adipose tissue and muscle of control but not C3H/HeJ mice fed a HFD (Fig. 4D) .
Insulin signaling and activation of JNK and IKK␤ in the liver of high-fat-fed C3H/HeJ and control mice.
We next investigated insulin signaling in the livers of C3H/HeJ and control mice. We detected a 50% reduction in insulin-induced IRS-1 tyrosine phosphorylation accompanied by a 30% reduction in IRS-1 protein content (Fig. 5A ) and a 70% reduction in Akt phosphorylation (Fig. 5B) in the livers of control mice fed a HFD but not in C3H/HeJ mice fed the same diet. Ser 307 phosphorylation of IRS-1 and JNK phosphorylation were increased and IB␣ protein expression was decreased in the livers of control but not C3H/HeJ mice fed a HFD (Fig. 5C-E) . Protection from palmitate, stearic, and lauric acidinduced insulin resistance in isolated soleus muscle of C3H/HeJ and TLR4 knockout mice. It has recently been reported that TLR4 is activated by FFAs (37). We examined glucose uptake and glycogen synthesis in the presence of 100 mol/l palmitate for 4 h. Palmitate treatment reduced insulin-stimulated glucose uptake and glycogen synthesis by 40 -50% in isolated soleus muscle from control mice but not in isolated soleus muscle from C3H/HeJ mice ( Fig. 6A and B) . In accordance with this finding, palmitate induced a downregulation in insulininduced IR (40%), IRS-1 (50%), and Akt (60%) phosphorylation in isolated soleus muscle of control mice but not in muscle of C3H/HeJ mice ( Fig. 6C-E) . We also investigated the effect of lauric and stearic acid on glucose metabolism and insulin signaling in isolated muscle. Stearic and lauric acid treatments reduced glucose uptake by ϳ40% and only 20%, respectively, in isolated soleus muscle from control mice but not in isolated soleus muscle from C3H/HeJ mice (Fig. 6F) . We next investigated insulin signaling in isolated soleus muscle from control and C3H/HeJ mice after stearic and lauric acid treatments. We observed a downregulation in insulin-induced IR and IRS-1 tyrosine phosphorylation (data not shown) and Akt phosphorylation (reductions of 41 Ϯ 4 and 63 Ϯ 7%, respectively, for lauric and stearic acids) in isolated soleus muscle of control mice but not in the muscle of C3H/HeJ mice (Fig. 6G) . Furthermore, we repeated the same protocol in isolated soleus muscle from TLR4 Ϫ/Ϫ and the respective control mice, and a protection from palmitate-induced insulin resistance related to glucose uptake, glycogen synthesis, and insulin signaling (data not shown) was also observed in isolated muscle from TLR4 Ϫ/Ϫ mice. Palmitate treatment activates TLR4 signal transduction in isolated soleus muscle of control mice. We next examined the effect of palmitate treatment on TLR4 activation compared with that of a known TLR4 agonist, LPS. Similarly to LPS, palmitate administration induced the association of TLR4 with the adaptor protein, MyD88, in isolated muscle from control mice but not in muscle from C3H/HeJ mice ( Fig. 7A and B) . Palmitate treatment induced degradation of IB␣ and increased JNK phosphorylation and IRS-1 Ser 307 phosphorylation in isolated muscle from control mice but not in isolated muscle from C3H/HeJ mice ( Fig. 7C-E) . We measured the NF-B nuclear subunit p50 activation after palmitate treatment and found an increase in the DNA binding of nuclear p50 in isolated muscle of control mice but not in muscle from C3H/HeJ mice (Fig. 7F) 
T H I S A R T I C L E H A S B E E N E T R A C T E D R
induced insulin resistance. To reinforce the importance of TLR4 in the development of insulin resistance, we investigated whether the inhibition of TLR4, through the use of the TLR4 antagonist antibody MTS510, could reverse LPS-and palmitate-induced inhibition of insulininduced IR/IRS-1 and Akt phosphorylation. Isolated soleus muscles of control mice were pretreated with MTS510 for 1 h before exposure to 100 mol/l palmitate. The results showed that MTS510 treatment prevented palmitateinduced reduced insulin-stimulated glucose uptake (Fig.  8A ) and glycogen synthesis (data not shown). In addition, we found that MTS510 treatment prevented the deleteri- 
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FIG. 4. Effects of high-fat feeding on Ser
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ous effects of LPS and palmitate on insulin signaling (Fig.  8B-D) . Furthermore, isolated muscle preincubated with MTS510 antibody demonstrated a significant decrease in palmitate-induced IB␣ degradation and JNK phosphorylation ( Fig. 8E and F) .
DISCUSSION
Here we show that C3H/HeJ mice, which have a loss-offunction mutation in TLR4, are protected against the development of diet-induced obesity and insulin resistance. In addition, in isolated muscles from C3H/HeJ mice, there was a protection from saturated fatty acid-induced insulin resistance. The C3H/HeJ mice fed a HFD gain less weight without changing food intake, have a reduced adipose mass, and demonstrate a less pronounced increase in adipocyte size than their controls. Recently, Shi et al. (38) showed that female but not male TLR4 Ϫ/Ϫ mice fed a HFD had increased body weight, associated with increased food intake, compared with control mice. The reason for the difference in body weight and food intake between female TLR4 Ϫ/Ϫ mice fed a HFD and HFD-fed C3H/HeJ mice, which have an inactivation mutation in TLR4 is not clear but may be related, at least in part, to sex, strain, and the type of genetic alteration in TLR4. In this regard, some responses may be different in animals with point mutations or in knockout animals, as described previously (39, 40) , and we may hypothesize that C3H/HeJ or TLR4 Ϫ/Ϫ mice may not have exactly the same regulation of food intake and/or energy expenditure; however, this point deserves further investigation.
The protection from diet-induced obesity in C3H/HeJ mice fed a HFD is linked to an increase in oxygen consumption and a decrease in RER, indicating that these animals were largely using fatty acids as an energy source. Taken together, these results demonstrate that the attenuation of diet-induced weight gain in C3H/HeJ mice is associated with a decreased adipocyte size, decreased macrophage infiltration in WAT, and increased energy expenditure and fat oxidation in the context of dietary 
T H I S A R T I C L E H A S B E E N E T R A C T E D R
obesity. In addition, the attenuated increase in FFAs, TNF-␣, and IL-6 in C3H/HeJ mice fed a HFD was associated with protection from glucose intolerance and insulin resistance. During the preparation of this article, Suganami et al. (41) 
has become a molecular indicator of insulin resistance (3, 4, 43, 44) . Ser 307 phosphorylation was induced by the HFD in tissues of HFD-fed control mice, accompanied by a reduction in IRS-1 protein expression in muscle, WAT, and liver and in insulin-induced IRS-1 tyrosine phosphorylation levels. This regulation of IRS-1, induced by the HFD, was prevented in C3/HeJ mice. Ser 307 is reported to be a phosphoacceptor of JNK and IKK␤ (43,44), and, as described previously (1,3) , our results also show that these kinases are activated in tissues of HFD-fed control mice. It is well known that the activation of TLR4 induces a complex signaling pathway that activates IKK␤ and JNK (10) . Our data demonstrating that a point mutation in TLR4, which inactivates this receptor, prevents diet-induced obesity, activation of IKK␤ and JNK, and insulin resistance suggest that TLR4 is a key modulator in the cross-talk between inflammatory and metabolic pathways.
Despite the protection from diet-induced insulin resistance related to a reduction in adipose mass, a direct effect 
FIG
of the TLR4 mutation on muscle tissue is also observed. Our data demonstrate that, in isolated muscle from control mice, palmitate induced the association of MyD88 with the TLR4 receptor, activated downstream kinases such as IKK␤ and JNK, weakened insulin signal transduction, and reduced glucose uptake and glycogen synthesis; however, this effect was not observed in isolated muscle from C3H/HeJ and TLR4 Ϫ/Ϫ mice. These data indicate that, independently of the changes in adipose tissue and in circulating FFAs, a loss of TLR4 function protects muscle from palmitate, stearic, and lauric acid-induced insulin resistance. In accordance with this finding, recent reports indicated that TLR2 or TLR4 is important for FFA-induced insulin resistance in myotubes or in adipocytes (38, (45) (46) (47) . In addition, it has been recently demonstrated by Shi et al. (38) that FFAs can act through TLR4 on adipose cells and macrophages to induce inflammatory signaling and suppress insulin signaling. Our data clearly show that palmitate and stearic acid, and to a lesser extent lauric acid, activate TLR4 signaling in muscle and that the capacity of these fatty acids to induce inflammatory signaling and to reduce insulin signaling and insulin-mediated glucose metabolism is blunted in muscle with a loss-of-function or absence of TLR4.
Our results also show that a known TLR4 ligand, LPS, is able to activate a pathway similar to those activated by palmitate treatment, inhibiting insulin signal transduction. In addition, the inhibition of TLR4, through the use of the TLR4 antagonist antibody, MTS510, could reverse LPSand palmitate-induced inhibition of insulin-induced IR/ IRS-1 and Akt phosphorylation. These data indicate that TLR4 activation by multiple factors may play an important role in the development of insulin resistance in sepsis and obesity and that the modulation of this receptor may prevent insulin resistance.
In summary, our data showing that a loss-of-function point mutation in TLR4 prevents diet-induced obesity, activation of IKK␤, JNK, and insulin resistance in mice fed a HFD, and also saturated fatty acid-induced insulin resistance in isolated muscle, indicate that TLR4 is a key modulator in the cross-talk between inflammatory and metabolic pathways. We, therefore, suggest that a selective interference with TLR4 presents an attractive opportunity for the treatment of human obesity, insulin resistance, and type 2 diabetes.
